The West of Scotland has had particular problems in the past associated with soft acidic water supplies and uptake of lead from domestic plumbing systems by such water. As a consequence of this, health problems related to overexposure to lead have been identified. The current debate on acidification of ground waters by acid rain is therefore particularly pertinent to this area. Studies have shown that even a modest decrease in pH will result in very substantial increase in plumbosolvency. This was found to be of particular importance in the city of Glasgow and town of Ayr, where prior to water treatment, pH values were 6.3 and 5.4, respectively, and where, consequentially, large numbers of homes did not comply with lead in water standards. Closed-loop lime-dosing systems were introduced in both Glasgow and Ayr to increase the pH with immediate decrease in the lead content of the water and, subsequently, blood lead concentrations of the subjects living in these areas. Such closed-loop systems will compensate for any acidity in water supplies, whether of natural origin or originating from acid rain precipitation. However, when such treatment has not been applied, any increase in water acidity due to acid rain will worsen a situation which is, in many cases, already unacceptable.
Introduction
Water for human consumption suffers enormously from having to pass through distribution systems (1) . Although most reservoir supplies of water throughout the world have modest concentrations of lead in them (2) , these concentrations frequently rise, sometimes very steeply, after passing through distribution systems. The principal determinant of such rise would appear to be water acidity. The lead content of water supplies rises dramatically where soft acidic waters pass through lead plumbing systems (3) (4) (5) . It is not essential that the plumbing system be made exclusively of lead, since lead solder used in the jointing of copper systems will also provide a source of contamination (6) (7) (8) (9) (10) . Uptake from plastic pipes has also been experienced where lead stearate was used as filler in the plastic (11) , although this problem is a minor one compared to that of metal pipes (12) . A number of other factors will also contribute to the uptake of lead and other metals into the water. Where the water stands for any length of time in the distribution system concentrations tend to be higher than when water flow in the system is continuous. But even where continuous flow is found, lead concentrations can frequently be unsatisfactory where pH is low and temperature high (13) (14) (15) (16) (17) . The reasons *Department of Medicine, Western Infirmary, University of Glasgow, Glasgow Gil 6NT, Scotland. for fall in pH in water supplies have generally been accounted as natural in the past. At the end of the 18th century, spring water was considered to be particularly likely to be associated with lead poisoning. This was indubitably due to the acidity of the water (18) . Poisoning occurred in towns in Yorkshire because of peatrelated rise in acidity, water being collected from moorland sources (19) . Another interesting instance of increased acidity was associated with an episode of lead poisoning following the removal of Louis Phillip and his family to Claremont in England in 1848. The estate there had been supplied with water for 37 years from a spring through a lead pipe which was 2 miles long. No problems were experienced by the local population prior to 1848 but, about that time, the spring, previously open to the air, had been enclosed by an iron dome which allowed accumulation of natural carbon dioxide gas from the spring with consequent increases in water acidity and hence plumbosolvency (4) . The present investigation aims at investigating whether or not pH changes associated with acid rain could consequentially increase plumbosolvency and thereby present a hazard to subjects utilizing such water supplies.
Materials and Methods
Blood and water samples in these studies were obtained over the period [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] samples and composite samples of cold water were collected into acid-washed polyethylene bottles by Water Board officials.
Results
From the inception of these studies, it was obvious that the major contributor to uptake of lead from water was the acidity of the water. The graph of water pH against plumbosolvency emphasizes this (Fig. 1) . The normal range of drinking water pH lies between 6 and 9 but, as is shown by the studies in Ayr, values can lie well below this. The lowest value seen in these studies was 4.5. Speciation of the lead salts contained in the interior of lead pipes suggests that this is primarily carbonate acidity although there is evidence of other salts being present.
The generally unsatisfactory nature of the water supplies in the two towns studied, as evidenced not only by the excess of water lead found in numerous homes, but also by the proportion of mothers studied in these houses who had blood lead concentrations which were considerably greater than normal acceptable limits for such a population (<30 pRg/dL) but also because of the number of subjects lying much higher than the geometric mean (Table 1) .
Treatment of the water supplies to raise pH had an immediate beneficial effect upon plumbosolvency in both towns. In subsequent examination of groups of mothers a parallel change was observed in the decrea~e in blood lead concentrations. The relationship between water pH and plumbosolvency based on the percentage of samples complying with a limit of 100 pug/L of lead in water is shown in Figure 2 . This is virtually a linear relationship which implies that any decrease in pH will inevitably result in an increase in the number of noncomplying households. This situation would be more than propor 21 ,ug/L, and no samples were found to be greater than 100 ,ug/L lead.
The improvement in blood lead concentrations following these pH changes have been documented previously ( Fig. 3) (22,23) . In both Glasgow and Ayr there was a highly significant fall in geometric mean blood lead (Table 1). From the information available from these studies the relationship between blood lead and water was found to be curvilinear with blood lead varying with the cube root of the water lead concentrations [Eq. (1) It is difficult to approportion the weighting of the difference factors contributing to such plumbosolvency. However, of temperature, hardness, and acidity, the principal factor in lead uptake woul(d certainly seem to be acidity. The source of such acidity in the water supplies examined is unclear. Speciation studies show that in the water in Glasgow there is a high percentage of anodic stripping voltammetry labile leadl with 71n/h associated with the colloidal size fraction, and that little lead is in ionic form (24) . This is not consistent with water acidity due to nitrogen or sulfur acids, but (loes not exclude the probability that these will contribute to the overall water plumbosolvency.
The improvement achieved by stabilization of water pH was remarkable, and with a pH of 7.8, Glasgow water provided an 80% compliance with statutory lim- its. This pH was achieved through the use of a closed loop of automatic lime-dosing system (25) . Another technique that could have been used was that applied to Boston, through additions of sodium hydoxide (26) . In the aging of waters during distribution, pH tends to fall. Thus in areas distal to the treatment works, values fell below 7 with consequent enhancement of plumbosolvency. This was controlled in Glasgow by increasing the quantity of lime addition to take the initial pH to values of around 9. This expedient was not, however, sufficient to guarantee a pH control in the most distal part of the system. Experiments suggested that buffering of the water supply might be sufficient to maintain its pH. In consequence, phosphate was added to the water supply in these areas with highly effective improvements in pH maintenance and consequent plumbosolvency. The benefits of such treatment are clearly shown by the large population decrease in blood leads both in Glasgow and in Ayr (22, 27) . The opinion has been expressed that the type of improvement in blood lead seen in these studies might in part be ascribed to the increases in the quantity of calcium in the water (28) . This would seem unlikely. It is true that increased dietary calcium will diminish alimentary lead absorption in rats (23), but is has been clearly shown that even massive supplementation of diet with 2 g/day of calcium glycerophosphate will only produce a very limited amelioration of lead absorption in humans (29) . It would therefore be naive to think that lime additions of between 4 and 6 mg/L to water would make any appreciable difference to the subjects using the water. concentrations lie at the level of 100 ,ug/L, more than half of the total oral ingested lead comes from water. Such exposure is not exclusively from water itself, but is also associated with absorption of lead from water on to food during the cooking process (30) (31) (32) . In these circumstances, the net burden of lead intake is excessive with little margin of safety in current dietary lead concentrations (33) . It is possible to use these data to estimate the level of water lead exposure consistent with maintaining the requirements of the European Community Reference Level for lead in blood, which in part states that: "not more than 10% of a population should exceed a blood level concentration of 30 ,ug/dL" (34). It is not appropriate to extrapolate this value directly into the graph relating blood lead to water lead since it is a percentile standard. To do this it is necessary to separate the different components of variation between blood lead and water lead. If this is done on the 90 percentile basis, one finds that the standard of 100 ,ug/ L does not ensure compliance with this blood standard, but that a water lead standard of 50 ,ug/L would allow compliance but with only a very small margin of safety (35) .
The Commission ofthe European Communities' limits on lead in water are calculated on the principle that tap water should provide less than 10% of the overall daily exposure to lead. This aim may not be achieved at a standard of 50 jug/L. However, it is clear that, where water pH is maintained at values greater than 8, plumbosolvency is minimized. There is, however, still some uptake of lead into water, especially where plumbing systems comprise of or contain extensive quantities of this metal. The nonlinear association between lead in water supplies and lead in blood guarantees an increasing enhancement of lead exposure abatement as concentrations fall. This is evident even at the lowest levels of exposure (35, 36 Thanks are due to all of the willing ladies who freely consented to take part in these studies, to the laboratory staffs who carried out the lead analyses, and to the members of the Health Boards and Hospital Staffs, and Strathclyde Water Board who collected the samples. Financial assistance was given in the various phases of these studies by The Scottish Home and Health Department, Department of the Environment, the Ministry of Agriculture, Fisheries and Food, and the Commission of the European Communities.
